Pharmacodynamics (PD) considers the relationship between drug exposure and effect. The two factors that have been used to distinguish the PD behaviors of antimicrobials are the impact of concentration on the extent of organism killing and the duration of persistent microbiologic suppression (postantibiotic effect). The goals of these studies were (i) to examine the relationship between antimicrobial PD and gene expression and (ii) to gain insight into the mechanism of fluconazole effects persisting following exposure. Microarrays were used to estimate the transcriptional response of Candida albicans to a supra-MIC F exposure over time in vitro. Fluconazole at four times the MIC was added to a log-phase C. albicans culture, and cells were collected to determine viable growth and for microarray analyses. We identified differential expression of 18% of all genes for at least one of the time points. More genes were upregulated (n ‫؍‬ 1,053 [16%]) than downregulated (174 [3%]). Of genes with known function that were upregulated during exposure, most were related to plasma membrane/cell wall synthesis (18%), stress responses (7%), and metabolism (6%). The categories of downregulated genes during exposure included protein synthesis (15%), DNA synthesis/repair (7%), and transport (7%) genes. The majority of genes identified at the postexposure time points were from the protein (17%) and DNA (7%) synthesis categories. In subsequent studies, three genes (CDR1, CDR2, and ERG11) were examined in greater detail (more concentration and time points) following fluconazole exposure in vitro and in vivo. Expression levels from the in vitro and in vivo studies were congruent. CDR1 and CDR2 transcripts were reduced during in vitro fluconazole exposure and during supra-MIC exposure in vivo. However, in the postexposure period, the mRNA abundance of both pumps increased. ERG11 expression increased during exposure and fell in the postexposure period. The expression of the three genes responded in a dose-dependent manner. In sum, the microarray data obtained during and following fluconazole exposure identified genes both known and unknown to be affected by this drug class. The expanded in vitro and in vivo expression data set underscores the importance of considering the time course of exposure in pharmacogenomic investigations.
The time course of antimicrobial activity is dependent on a drug's pharmacokinetics and two major pharmacodynamic characteristics (2, 13) . The first is the rate of organism killing and whether increasing drug concentrations enhance the rate and extent of killing. The second is the presence or absence of inhibitory effects on organism growth which persist after drug levels have fallen below the MIC. These persistent effects are termed postantibiotic effects (PAE) (3, 4, 5, 9, 14, 16, 29, 38, 39, 40) . The PAE pharmacodynamic phenomenon underscores the importance of investigating the effects of antimicrobial exposure over time. Drugs from the triazole class demonstrate time-dependent killing but prolonged persistent effects in vivo.
Several investigators have undertaken studies to discern the biologic basis for the PAE phenomenon with several antibacterial compounds (7, 11, (17) (18) (19) (20) 43) . For example, the duration of the PAE for quinolones and ␤-lactams correlates closely with the time it takes for bacterial DNA synthesis to resume.
Similar study with the aminoglycosides has shown that the duration of the PAE best correlates with the time it takes for protein synthesis to resume.
A number of investigations have examined the global transcriptional profile of Candida albicans following in vitro triazole exposure (1, 6, 15, 23) . These important studies have provided insight into the mechanism of action of these compounds. However, these studies have not considered the impact of the pharmacodynamics or time course of exposure on the response of the organism. The goal of the current experiments was to describe the global response of C. albicans transcription during the time course of fluconazole exposure. The information obtained provides a mechanistic model of the molecular events during the time course of exposure. Furthermore, the results from these studies underscore the importance of considering antimicrobial pharmacodynamics in studies investigating the drug-organism interaction. Finally, these investigations point to the relevance of considering molecular end points in antimicrobial pharmacokinetic/pharmacodynamic studies.
MATERIALS AND METHODS
Microorganism and in vitro susceptibility testing. Candida albicans K1 was used for all studies (3) . Susceptibility testing was performed in duplicate on two occasions, using the CLSI (formerly NCCLS) M-27A method (30) .
In vitro fluconazole exposure. (i) Microarray study of microbiologic effect and gene expression. C. albicans K1 was grown in vitro in the presence or absence of fluconazole for comparison of the time courses of gene expression using cDNA microarrays. An overnight culture was diluted to an initial inoculum of 10 5 CFU/ml and grown in RPMI-morpholinepropanesulfonic acid (RPMI-MOPS) buffered with MOPS at 37°C with shaking at 250 rpm. The treatment group was exposed to fluconazole at a concentration of four times the MIC, which was added after 3 h of growth and continued for 3 h. Following drug exposure, cells were pelleted, washed, and resuspended in fresh medium, and incubation continued for an additional 12 h. Samples for CFU enumeration and RNA isolation were collected at two time points during drug exposure (1 and 3 h) and two time points after drug removal (6 and 9 h). The growth and drug exposure experiment described above was repeated on three occasions. The experiment design was consistent with proposed microarray study standards (21) .
(ii) Confirmation of microbiologic effect and gene expression and expanded time course. C. albicans K1 was similarly grown in vitro in the presence or absence of fluconazole for comparison of gene expression levels, using both Northern blotting and quantitative reverse transcription-PCR (RT-PCR), to confirm the results from the microarray study (10, 35) . In addition, these studies were used to expand the evaluation of the relationship between the concentration/time of exposure and the transcriptional profile of the cells. The treatment groups were exposed to one of five increasing (fourfold) fluconazole concentrations. The exposures included concentrations at the MIC (1ϫ), above the MIC (4ϫ and 16ϫ), and below the MIC (0.06ϫ and 0.25ϫ). Fluconazole was added after 6 h of growth (to cells in log-phase growth) and continued for 3 h. The cells were then pelleted, washed, resuspended in fresh medium, and incubated for an additional 6 h. Samples for CFU enumeration were collected at 3-h intervals. Samples for RNA isolation were collected at one time point during drug exposure (after 3 h of fluconazole exposure) and one time point after drug removal (3 h after fluconazole removal). Experiments were repeated on three occasions. Candida cells were harvested for RNA isolation as previously described (37) .
Pharmacokinetics. The pharmacokinetic values used in the current study were previously determined for the animal model used here (3) . Briefly, the time courses of fluconazole concentrations in mouse serum were determined for three fourfold increasing doses (6.25, 25 , and 100 mg/kg of body weight) after subcutaneous administration to neutropenic infected mice, using a gas chromatography method. Pharmacokinetic constants, including the elimination half-life, area under the serum concentration curve (AUC), and peak level (C max ), were calculated using a noncompartmental model.
Animal infection model and in vivo fluconazole exposure. A neutropenic murine model of disseminated candidiasis was used to determine if the drug exposure-gene expression time course observed in vitro was similar to that observed in vivo (2, 31) . The animal model has been described in detail in prior publications (2, 3) .
Following infection, groups of mice received one of three fourfold increasing fluconazole dose levels (0.78, 3.125, and 12.5 mg/kg) administered subcutaneously during the log phase of growth (18 h after infection). The dose levels were chosen to include a sub-MIC exposure only (0.78 mg/kg) and two supra-MIC exposures (3.125 and 12.5 mg/kg). The serum pharmacokinetics of the last two doses were estimated to achieve concentrations exceeding the MIC of the organism for 9.6 and 15.4 h, respectively.
Groups of two animals from untreated control and fluconazole treatment groups were euthanized at 3-to 6-h intervals over a period of 45 h for CFU enumeration as previously described (3) . Results were expressed as the mean CFU/2 kidneys from two mice. The serum pharmacokinetic results were used to estimate the time that the total drug level of fluconazole remained above the MIC for the organism. The postantifungal effect (PAFE) was calculated by determining the time that it took the burden of organisms in the untreated control mice to increase 1 log 10 CFU/kidney (C) and subtracting this from the amount of time that it took the organisms from the treated animals to grow 1 log 10 CFU/kidney (T) after levels had fallen below the MIC, as follows: PAFE ϭ T Ϫ C (14) .
Groups of 10 mice per time point were euthanized at 3-to 12-h intervals for Candida RNA isolation from mouse kidneys as recently described (2) . Fungal cells were collected from animals receiving the highest fluconazole dose level at five time points (3, 6, 18, 21 , and 27 h) to include two supra-MIC and three postexposure (serum levels estimated to have fallen below the C. albicans MIC) sample values. Following the middle dose, organisms were harvested for RNA isolation at two points which corresponded to postexposure times (after serum levels fell below the MIC [12 and 15 h]). Two sampling time points were used for the lowest time point (3 and 6 h), both corresponding to estimated sub-MIC exposures.
Transcriptional profiles of cell populations. Studies were undertaken to compare the global responses of C. albicans during and following fluconazole exposure in vitro over time, using cDNA microarrays (version 6.31) produced at the Biotechnology Research Institute, National Research Council, Montreal, Canada (http://www.irb-bri.cnrc.gc.ca/services/microarray/scanning_e.html) (2, 12) . The microarray used is based on C. albicans SC5314. The in vitro transcriptional profiles of a population of C. albicans cells during and following fluconazole exposure were examined relative to those of nonexposed cells collected at the same time periods of growth, as described above. At each of the specified time points, cells were collected by centrifugation at 3,000 ϫ g for 2 min at ambient temperature, and the cell pellets were flash frozen in an ethanol-dry ice bath. Candida RNAs were isolated by the hot phenol method (37) . mRNAs were purified using a Fast Track mRNA isolation kit (Invitrogen). Each set of samples was used for separate array hybridizations with cDNAs from the drug-exposed and control populations. In the first hybridization, the drug-exposed sample was labeled with Cy3 and the control population was labeled with Cy5. In the second hybridization, the exposed sample was labeled with Cy5 and the control population was labeled with Cy3. A total of six hybridizations were performed per time point, as previously described (2, 12) .
Microarrays were scanned using a ScanArray 5000 instrument (Packard BioScience, Billerica, MA) at a 10-m resolution. The intensities of the spots were quantified with QuantArray (GSI Lumonics, Billerica, MA). QuantArray files were analyzed in Excel (Microsoft, Redmond, WA). To be included in normalization and analysis, each spot had to satisfy three quality control criteria (2, 12) . The signal intensity minus half of the standard deviation had to be greater than the local background plus half of the standard deviation; the signal intensity had to be within the dynamic range of the photomultiplier tube; and the raw intensities of the duplicate spots for each gene had to be within 50% of each other. For spots that met these criteria, we examined the log ratio of the intensity of expression from the fluconazole-exposed cell population to that from the unexposed cells. The results presented consist of the averages of three independent experiments with dye swaps. When either channel value was below 100.0, the data point was considered unacceptable. A normalization factor was applied to account for systematic differences in probe label intensities. A two-sided Student t test was used to assess the statistical significance of log 2 ratios.
Gene ontology identification was undertaken for differentially expressed genes, using Confirmation of microarray expression data. The mRNA abundance of a subset of genes identified in the microarray analysis was estimated using either Northern blotting or RT-PCR (10, 35) . The specific C. albicans genes examined included CDR1, CDR2, and ERG11 (34, 36, 41, 42) . CDR1 and CDR2 encode efflux pumps for which fluconazole is a substrate. ERG11 encodes the fluconazole drug target, lanosterol 14␣-demethylase. Prior investigations have demonstrated that the expression of these genes can be induced by triazole exposure (22, 28) . The current studies were intended to expand the examination of the relationship between the pharmacodynamics of the fluconazole exposure (effects of concentration and time) and the expression of these genes of interest. The initial cell concentrations, growth conditions, drug exposures, and sampling time points are described above. Growth experiments and mRNA abundance assays were performed in triplicate.
For both Northern blotting and RT-PCR, cells were harvested and RNAs were isolated as described above. Northern blots were performed using standard methodology. RT-PCR studies utilized TaqMan methodology (24) . Probes for Northern blots and RT-PCR (primer and probe sets) have been previously described and were generated for CDR1, ERG11, and ACT1 by PCR amplification from Candida genomic DNA (see Table S5 in the supplemental material) (26, 34, 36, 41) . For both methods, actin was utilized as a constitutively expressed control. Band intensities in Northern blot studies were estimated using Image J software (NIH). Gene intensities were expressed as the background normalized ratios for the conditions of interest described above. RT-PCR quantitative data analysis was completed by using a modification of the ⌬C T method of Livak and Schmittgen (24, 25) . For each amplification run, the threshold cycle, C T , of the target was normalized to the C T of the ACT1 gene (⌬C T ϭ C T of target Ϫ C T of normalizer). We compared the trends in ⌬C T values over time for cells grown in the presence of fluconazole and those grown in the absence of fluconazole. Real-time quantitative PCR was performed on three 10-fold cDNA dilutions to ensure similar primer efficiencies among the various amplified targets (2).
RESULTS
In vitro susceptibility testing. The fluconazole MIC for C. albicans K1 is 0.5 g/ml.
Pharmacokinetics. The pharmacokinetic profile was linear, with the peak level and AUC increasing proportionally for each dose escalation. Peak levels occurred within 1 h of administration and ranged from 5.2 to 100 g/ml ( Table 1) . The elimination half-lives ranged from 2.8 to 3.5 h. The 24-h AUCs ranged from 24 to 460 mg · h/liter.
In vitro fluconazole exposure. (i) Microarray study of microbiologic effect and gene expression. The starting inoculum of C. albicans in the RPMI-MOPS medium was 5.0 log 10 CFU/ ml. After 3 hours of growth, the viable counts had increased to 6.2 Ϯ 0.14 log 10 CFU/ml, at which time fluconazole was added to one of the flasks (Fig. 1) . Over the 3-h drug exposure time at a fourfold excess of the MIC, the burden of viable cells did not increase. During the same time period, the untreated control cells grew slightly (0.45 log 10 CFU/ml). After fluconazole removal, the growth curve assumed the trajectory of the untreated control. Persistent growth suppression following in vitro drug exposure (PAFE) was not observed. The change in viable counts over the next 3 hours increased 1.4 and 1.1 log 10 CFU/ml in the previously exposed and untreated cell populations, respectively. The slope of the growth curve began to plateau for both cell populations between the 6-and 9-h time points, with increases in burden ranging from 0.2 to 0.6 log 10 CFU/ml. In general, the growth phases were similar for both cell populations at the various sampling time points.
Microarray analysis over the time course of exposure identified more than 1,000 differentially expressed genes (see Tables S1, S2, S3, and S4 in the supplemental material). Over the entire experiment, more genes were upregulated (n ϭ 1053 [16%]) than downregulated (174 [3%]). However, expression data from the time points during F exposure identified equal numbers of both up (2%)-and downregulated (2%) genes. The functions of the majority of the genes in both groups are unknown (42% of upregulated genes and 32% of downregulated). Of the upregulated genes ( Fig. 2) with known ontology during exposure, many were related to plasma membrane/cell wall synthesis/maintenance (18%), stress responses (7%), and metabolism (8%). Nine genes from the ergosterol synthesis pathway were upregulated during fluconazole exposure. Only two genes from this group precede the fluconazole target step in the ergosterol synthesis pathway. The categories of downregulated genes during exposure (Fig. 2) included protein synthesis (15%), DNA synthesis/repair (7%), and transport (7%). The postexposure data time points (Fig. 3 ) included mainly upregulation (16%) (Ͻ1% downregulated). The majority of upregulated genes were from the protein (17%) and DNA (7%) synthesis or modification categories. Several genes from the ergosterol pathway remained elevated; however, the degree of upregulation was lower than that during fluconazole exposure.
(ii) Confirmation of microbiologic effect and gene expression and expanded time course. The starting inoculum of C. albicans in the RPMI-MOPS medium was near 5.0 log 10 CFU/ml (Fig. 4) . During the first 3 hours of growth, the viable counts had increased slightly. The cells shifted to log-phase growth over the subsequent 3 h (6-h time point), increasing Ͼ2 log 10 CFU/ml, at which point the various fluconazole concentrations were introduced to the specified cell populations. Over the 3-hour drug exposure period, the sub-MIC concentrations exhibited minimal effects on the continued growth of cells. The larger fluconazole concentrations did inhibit growth in a dose-dependent fashion. However, after the removal of fluconazole, the slopes of the growth curves rapidly returned to that of the untreated control. Similar to our other in vitro experiment, there was no measurable microbiologic postantifungal effect with any of the fluconazole exposures (16) .
The abundance of ERG11 (Fig. 5 ) was increased during fluconazole exposure (after 3 h of exposure) relative to that in untreated controls for each of the drug concentrations examined. The abundance increased relative to the fluconazole concentration. The smallest change in ERG11 expression in treated relative to untreated control cells was 1.2-fold at a concentration of one-eighth the MIC. The largest change was 2.3-fold, which was associated with exposure to fluconazole at a concentration 16-fold higher than the MIC. The differences in abundance for the two highest concentrations were statistically different from those for the three lowest concentrations (P Ͻ 0.001). The increase in mRNA abundance associated with the various drug exposures declined following 3 h of growth in the absence of fluconazole. The decline in expression during the postexposure period was similar to that observed with other genes in the ergosterol synthesis pathway from the microarray study. Both Northern blots and quantitative RT-PCR were utilized to examine the relative mRNA abundances of the CDR1 gene associated with the same fluconazole concentrations (Fig. 5) . Following a 3-hour fluconazole exposure, the mRNA abundance of CDR1 did not increase relative to that in untreated control cells for any of the five drug concentrations. However, during the regrowth period following fluconazole exposure, the expression of CDR1 increased for four of the five drug concentrations. The degree of upregulation was dependent on the fluconazole concentration, increasing Ͼ2.5-fold in association with exposure to the two highest fluconazole concentrations. The differences in expression for the two highest fluconazole concentrations were statistically different from those for the three lowest concentrations (P Ͻ 0.01). 
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Quantitative RT-PCR was used for estimations of the expression of CDR2 (Fig. 5) . The relationship between the fluconazole exposure and mRNA abundance for CDR2 was remarkably similar to that for CDR1. During fluconazole exposure (3 h), the relative expression of CDR2 was no different in exposed and untreated cells. However, at the postexposure time point, the abundance of CDR2 increased markedly in exposed cells in a concentration-dependent manner. The 16ϫ and 4ϫ MIC exposures resulted in 10-and 6-fold increases in CDR2 expression relative to that in untreated controls (P Ͻ 0.001). The expression values for the lower drug concentrations were slightly higher than those for control cells and for the prior time point; however, these differences were insignificant.
Microbiologic effect and gene expression after in vivo fluconazole exposure. Two hours after intravenous inoculation, the viable burden of C. albicans in mouse kidneys was 3.23 Ϯ 0.05 log 10 CFU/2 kidneys (Fig. 6) . At the time of fluconazole administration, the cells were in the late log phase of growth, with a viable kidney burden of 6.84 Ϯ 0.49 log 10 CFU/2 kidneys 18 h after the initiation of infection. The two lowest fluconazole drug concentrations had no detectable impact on viable counts in neutropenic mouse kidneys. The highest fluconazole dose level did inhibit growth for at least 6 h after drug administration. Within 18 h after the largest fluconazole dose, the viable organism burden began to increase. In contrast to prior in vivo fluconazole investigations with this model, a measurable PAFE was not apparent (3). We speculate that the lack of a measurable PAFE is related to the much later timing of drug administration (18 h compared to 2 h after infection).
The mRNA abundances of the two CDR pumps in relation to drug exposure over time are shown in Fig. 7 (CDR1 and CDR2 data are on the left and right, respectively). At each time point, the mRNA abundance is presented as a ratio for drugtreated cells to untreated controls. The CDR pump abundance was not elevated in response to the two supra-MIC concentrations or the single sub-MIC concentration. However, the mRNA abundance of both pumps was remarkably increased during the postantifungal period of time. This response was not related to the rate or phase of growth, as the control strain's growth was quite similar. The abundances of both transcripts increased from 12 to 21 h after the initial drug exposure and began to decline at the final time point (27 h). The maximal change in treated relative to untreated cells in vivo was 18-and 3.5-fold for CDR2 and CDR1, respectively.
DISCUSSION
The field of antimicrobial pharmacodynamics investigates the relationships between drug concentrations relative to the MIC over time and outcomes (13) . Understanding these relationships has had an enormous impact on the manner in which these compounds are administered. The majority of pharmacodynamic investigations examine treatment efficacy by using a microbiologic end point (3, 9, 13, 14, 16, 39, 40) . Few other drug effect measures have been considered in these types of studies. Studies with several antibacterial compounds have examined cell morphology and protein, DNA, and RNA synthesis end points by measuring the incorporation of DNA, RNA, and protein radiolabeled precursors during the postantibiotic effect in vitro in an attempt to understand the biological basis for the phenomenon (9, 17) . These investigations have not yet taken advantage of newer genomic technologies to further understand these processes. Pharmacodynamic evaluations of triazole antifungals have shown that these drugs inhibit the growth of fungi in a timedependent manner (3, 4, 16, 27) . Exposure to increasingly large concentrations does not enhance the inhibitory activities of these compounds. However, following exposure to supra-MIC concentrations in vivo, regrowth of fungi is delayed (3). This phenomenon of persistent growth inhibition following antifungal drug exposure has not been investigated mechanistically. Several investigators have, however, utilized microarray technology to examine the global transcriptional responses of C. albicans and Saccharomyces cerevisiae to several triazole compounds (1, 6, 15, 23) . These studies have been important for furthering our understanding of the mechanism of action of these drugs. The triazole exposures used in these in vitro investigations have varied from study to study. First, the duration of drug exposure prior to RNA sampling has varied among studies. In addition, the studies have all used supra-MIC exposures and a single sampling time point. Thus, there has been minimal consideration of the pharmacokinetics of drug exposure. The current investigation examined genomic end points during the time course of triazole-C. albicans interaction. The goals of the study were (i) to determine if gene expression in this fungal pathogen is impacted by the pharmacokinetics of drug exposure and (ii) to further our understanding of the molecular basis for the time course effects of fluconazole.
The results from the current microarray studies underscore the importance of examining the impact of drug exposure over time. There were numerous genes identified at only one of the four time points. However, overall, the differential expression of cells collected from the two supra-MIC time points was similar. The same transcriptional pattern was also observed in the two postexposure cell populations. The ontology categories most commonly identified from genes upregulated during fluconazole exposure are similar to those identified in previous triazole-yeast exposure microarray studies (1, 6, 15, 23) . The predominant categories of known function included those related to plasma membrane and cell wall synthesis, maintenance, and function. The impact of fluconazole was not surprisingly marked with regard to the ergosterol synthesis and sterol modification pathway. Among the genes affected in this pathway, six of seven were at or downstream of the fluconazole drug target. This pattern of expression in this pathway is similar to that previously reported for triazole exposure of S. cerevisiae and C. albicans. Another common subset of expressed genes included those previously shown to be involved in the cell stress response. The third most common functional group of genes with increased mRNA abundance during fluconazole exposure was the group involved in metabolism. Among this group, genes related to carbohydrate metabolism were present most frequently. The number of downregulated genes was small compared to the number of upregulated genes. The two most common ontology categories for this set of genes included genes related to DNA and protein synthesis. It is interesting that prior antibacterial PAE studies similarly demonstrated reduced DNA and protein synthesis during the period of microbiologic growth suppression. Conversely, genes expressed in our postexposure period, after which microbiologic recovery had begun, were marked primarily by the activation of nucleic acid and protein synthesis machineries. Perhaps not surprisingly, these genes were not identified in prior triazole-yeast interaction array investigations, which included only a single early exposure time point. This pattern of expression during the microbiologic effect and in the postexposure period can be used to propose a triazole time course activity model. The expression of genes associated with drug exposure and microbiologic activity represents the direct effect of the drug or additional organism perturbations in response to the sterol effects. The later set of upregulated genes suggested how the organism responds during the period of microbiologic recovery from the effects of the drug. Both groups of genes are interesting to consider for future study. The first group includes those upregulated during exposure, including, of particular interest, those associated with perturbation of the cell wall and plasma membrane. Any number of these gene products may provide useful drug targets, whose inhibition may potentiate the microbiologic effects of the triazole. Similarly, the set of genes identified during organism recovery may also provide interesting drug targets which, if inhibited, may reduce the ability of the organism to recover from the effects of the triazole and prolong the growth inhibition.
The impact of the time course of fluconazole pharmacokinetics was further examined for a subset of three genes. The expanded time course experiments included both a larger range of fluconazole concentrations and other time points during and following exposure. In addition, we examined the transcriptional responses of C. albicans following drug exposure both in vitro and in vivo. Importantly, the results of both in vitro and in vivo studies were congruent. The three genes chosen were CDR1, CDR2, and ERG11. The choice of these three genes was based on their identification in the current microarray data set as well as the fact that prior studies have demonstrated differential expression of each of the genes in response to triazole exposure (22, 28, 36, 42) . The time course expression data for these genes confirmed the microarray results. The mRNA abundance of ERG11 was highest during fluconazole exposure and declined in the post-exposure period. Conversely, the abundance of each of the CDR efflux pumps was greatest in the postexposure time period and may result in protection from additional fluconazole exposure during the postexposure period. These data again underscore the importance of considering the time course of events in studying the expression profile of the antimicrobial/organism interaction, as demonstrated previously from the microbiologic standpoint. The study of an expanded concentration range in these expression studies also demonstrated a strong pharmacodynamic relationship. The mRNA abundance was clearly impacted by the VOL. 50, 2006 TIME COURSE OF FLUCONAZOLE EFFECTS IN C. ALBICANS 1317 concentration of fluconazole over five exposure levels, which varied 256-fold. In addition, the two lowest concentrations were below the MIC for the organism and demonstrated an impact on gene expression for each of the three genes. Previous studies with both triazoles and polyenes have demonstrated sub-MIC effects using different biologic end points (32, 33, 39) . One explanation for the discrepancy between in vitro and in vivo investigations of the triazole postantifungal effect has been unavoidable sub-MIC exposures which are present in the latter study design (3, 16) . Additional investigation of these sub-MIC effects at the genomic level may offer further insight into the molecular basis for in vivo triazole postantifungal effects.
In sum, these studies demonstrate a relationship between the concentration and time course of exposure and the transcriptional response of an organism. The change in expression profile over time and the change in level of expression relative to concentration underscore the importance of considering the pharmacokinetics of drug exposure in microarray experiments investigating antimicrobial-pathogen interactions. The global transcriptional profile of the fluconazole-Candida albicans interactions suggests a damage response model in which the plasma membrane and cell wall are structurally and functionally damaged, followed by a period of recovery manifested by enhanced nucleic acid and protein synthesis to repair the cell.
